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Abstract 
From 1950 until 1975 approximately 1.3 million apartments were built in Sweden. Now, a considerable part of these are in need 
of renovation. This paper is part of an evaluation of a new DCV system developed especially for the renovation of these houses. 
The DCV automatically regulates the air change rate for each dwelling based on measurements of the indoor air. One of the 
measured parameters is the moisture supply. Simply put, the ventilation rate increases when the measured moisture supply exceeds 
the set point based on a PI-controller. In this paper, simulations have been carried out to determine an appropriate set point for the 
moisture supply for avoidance of moisture damage on biological building materials. A worst case scenario has been considered – 
and the general maximal set point is recommended to be 3 g/m3. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
To fulfill the demands by the directives of the European Union 2020 [1] and 2050 [2], Sweden must retrofit its current 
building stock in order to achieve a lower energy output. The multifamily buildings in need of renovation consist of 
more than a million dwellings. These were built from 1950 to 1975, and are in need of renovation or retrofitting mostly 
due to the building materials and building services having reached, or even passed, the end of their lifespan.  
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With new regulations in Sweden, renovated buildings must fulfill the same requirements as new buildings which 
means that they usually have to be retrofitted to a higher standard regarding moisture, energy and ventilation. 
In order to renovate effectively and properly, new solutions must be developed to solve common issues that arise 
during and after the renovation process. These solutions must also be properly evaluated for optimization of energy 
efficiency and a healthy indoor environment. One such solution is a new ventilation system that has been designed 
especially for alleviating common issues that arise during the renovation process. The new system is a demand-
controlled ventilation (DCV) system for multifamily houses, which automatically regulates the air change rate (ACR) 
for each dwelling. This paper aims to evaluate the set point for the moisture supply of this new DCV. 
1.1. A novel DCV and its proper Set Points 
A traditional mechanical ventilation system with heat recovery (MVHR) for multifamily houses runs on a constant air 
volume (CAV) principle. A problem, is that a CAV-system will ventilate unnecessarily much at times and 
insufficiently at other times. A novel MVHR has been developed to address this issue [3]. This DCV-based system 
regulates the ventilation rate for each apartment according to two parameters in the indoor air: the moisture supply, 
and the content of volatile organic compounds (VOCs).  Outside each apartment, a box is placed that includes sensors 
and dampers that regulate the ACR for the apartment based on the measured parameters. The moisture supply, which 
is the difference between the indoor and outdoor vapor content, is calculated through measurements of the vapor 
content in the supply and in the exhaust air. The idea is to ventilate only as much as necessary in order to achieve a 
healthy indoor environment and at the same time reduce the energy output.  
An important factor that affects our health is the state of the building and the building materials. For this, and other 
reasons, we must strive to avoid moisture damage to the building materials by controlling the moisture levels in our 
houses. It is therefore important to carefully analyze the ventilation strategy, which includes the set points for the 
ventilation system. In this novel DCV-system, the ventilation rate increases when the measured moisture supply 
exceeds the set point based on a PI-controller. Shortly after, the ventilation rate reaches its maximum. As long as the 
set point is exceeded the ventilation system strives to reduce the moisture supply until it reaches below the set point. 
When the moisture supply set point has not been exceeded, the ventilation rate is adjusted to deal with the VOCs 
instead.  In the case of a too high set point for the moisture supply, the risk for mold growth in the building material 
increases. In the case of a too low set point, the system’s energy efficiency might be decreased since the system would 
sometimes ventilate at an unnecessarily high rate, i.e. when the risk for moisture damage is insignificant.  
Today, there are no directives from the authorities in Sweden concerning the moisture supply, and we have not found 
research that suggests a limit on the moisture supply. There are investigations [4] of the indoor environment in the 
Swedish multifamily buildings that were built between the years of 1965-1975; the so called “million program”. These 
investigations show that the average of the moisture supply in these buildings is approximately 1.2 g/m3 with a 
ventilation rate of about 0.5 ac/h. However, these investigations do not address the risk of moisture damage in building 
materials due to the moisture supply.  
 In a previous article we have evaluated the set points for the VOC-control and the moisture supply for this DCV, 
and suggested an adjustment [3]. However, the moisture supply set point was suggested based on the results of the 
above mentioned investigations [4], and not on the risk for moisture damage.  The study presented here has analyzed 
the most vulnerable situation where the moisture supply is the key factor for moisture damage in the concerned 
buildings. This, in order to determine a set point that is to be used when implementing this kind of DCV-system.  
2. Method 
The construction used in the simulations was chosen since it is a typical construction of the building envelope in 
Swedish multifamily houses from 1950-1975 [5]. Also due to vapor diffusion through the building envelope, the 
construction represents the worst case scenario for these houses regarding moisture in general. From the exterior to 
the interior, the material layers in the chosen building envelope are:  
• 1 ½ stone solid masonry 
• Air gap 
• 90 mm Mineral Wool + Wooden Studs
 Abdul Hamid A. et al. /  Energy Procedia  78 ( 2015 )  901 – 906 903
• Vapor barrier (PE-foil)
• 13 mm gypsum board 
The air gap is usually very narrow (15 mm) and unventilated, and is thus almost insignificant for the dry-out potential 
in the wall. However, it does serve the purpose of separating the studs and the insulation layer from the solid masonry, 
which might absorb rain and transport water inwards by capillary suction.  
There are, of course, different versions of the construction in focus. Another example of a poor version is the same 
construction but without the air gap, letting suction occur between the studs and the solid masonry, which increases 
the risk of mold growth on the wooden studs. The same risk is posed in the case of a previously placed and later 
neglected wallpaper on the masonry wall – when internal insulation is added in a renovation. Also, the vapor barrier 
is in some cases non-existent, or it has degraded through time to what can best be described as a white powder. The 
state of the vapor barrier in such a case means that the vapor can freely diffuse through the construction and further 
increase the risk of mold growth. The worst case scenario for moisture damage caused by the moisture supply might 
therefore be the combination of the chosen construction and the three observed examples. These together form case 
A, where the moisture supply adds to the risk of mold growth. 
Arguably, the mold growth on the wallpaper is caused by the combination of absorbed precipitation and a low 
temperature, and not due to the vapor diffusion from the interior. The fact that vapor diffusion only accumulates a 
small amount of water compared to rain-water suction supports this argument. However, a counter-argument is that if 
the vapor diffusion from the interior is left uncontrolled, it might add to the accumulated rain water and increase the 
risk of mold growth. The risk due to this phenomenon has therefore been worth investigating. In addition, the risk for 
mold growth depends on a sufficient relative humidity (RH) in combination with a preferable temperature, sufficient 
time and sufficient nutrition. The RH may be high even though the water content in the material may not be. This 
means that the risk does not require as high water content as might accumulate from rain absorption. The vapor 
diffusion alone should therefore be sufficient to cause mold growth since it might increase the relative humidity to a 
point where the conditions are preferable for mold growth. 
In some houses, case A has been modified and become even more sensitive to vapor diffusion from the interior. An 
example is when vapor resistant paint is applied to the exterior surface of the façade. The idea is that such application 
will repel rain water, which is true, but it also limits the dry-out possibility for vapor diffusion from the interior. As a 
consequence, water is accumulated in the wall, making the moisture supply the sole moisture source causing mold 
growth on the wallpaper. This example will hereby be referred to as case B.
Table 1: Studied wall constructions that are used in the hygrothermal simulations. The layers are presented from the exterior to the interior. 
Case A (with rain absorption) Case B (without rain absorption) 
- 1 ½ stone (375 mm) solid masonry  
- Wallpaper* 
- 90 mm Mineral Wool + Wooden Studs 
- 13 mm gypsum board 
- Water-repellant-vapor-retarding paint (Latex) 
- 1 ½ stone (375 mm) solid masonry  
- Wallpaper*  
- 90 mm Mineral Wool + Wooden Studs 
- 13 mm gypsum board 
Ύnot actually simulated, however, results have been assessed with the assumption that this wallpaper or other sensitive material exists here
2.1. Determining the risk for microbiological growth 
With hygrothermal simulations of the constructions in WUFI Pro, we have closely studied the risk for microbiological 
growth on the wallpaper in case A and B, using two recognized mathematical models. There are several such models 
for determining the risk for microbiological growth, among them are [5-7]. Simply put, these models describe the 
mold growth rate based on three criteria: temperature, relative humidity and time. Newer models are based on the 
same criteria as the older models, but also consider mold shrinkage. As an indicative approach, the results have first 
been compared using a Folos-diagram [8] that compares actual RH with RHcrit according to [5] and does not consider 
shrinkage of the mold. However, this tool is efficient for comparing results between different scenarios. Further 
assessment has been carried out using the MRD-model [7], which does consider the shrinkage during unfavorable 
conditions. The MRD-model compares simulation results with experimental results, producing an index. The index 
should not exceed a so called limit state (MRD-index = 1), which indicates visible mold growth under microscope. 
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2.2. Choice of climate data 
Currently, there is no standard test-reference time-period to use for hygrothermal simulations of constructions in 
Sweden. What is commonly used is the actual climate data for a geographical location, or a normalized climate data 
over the years of 1995-2005. In comparison to the actual weather data, the normalized data do not include possible 
extreme values. However, in Meteonorm a normalized year that includes extremes for the temperature data can be 
synthetically produced. In our simulations, we have used such data based on measurements from 1991-2010.  
Since the DCV-system presented in this paper might be installed in any multifamily building in Sweden built 
between the years of 1950-1975, there is no single specific geographical location to consider in the hygrothermal 
simulations. Instead, the worst case-scenario for the construction has been considered, and that is where the criteria 
for mold growth are fulfilled according to [5]. However, this does not directly point out the geographical location 
where the risk is highest. Therefore, climate data for several locations have been used based on the hypotheses that 
they are either very humid, very cold or a combination of both. Cities situated along the coast or by a lake have been 
chosen. Only cities that most likely have multifamily buildings from 1950-1975 have been considered. The locations 
are: Malmö, Norrköping, Oslo, Karlstad, Örebro, Luleå and Kiruna. 
2.3. Convection  
The convective transport of moisture into the construction may be an issue when there is an air leakage. Due to the 
numerous factors that affect this phenomenon, there might exist an over or under pressure indoors which causes an 
unfavorable air leakage into the construction from the interior. To translate the factors that affect the pressure into a 
possible air leakage, numerous assumptions are needed and the result will vary very much depending on these 
assumptions. This paper therefore disregards the effect that the convection may have. 
2.4. Simulated dimensions and input data 
The number simulated dimensions should be based on the construction composition. In some cases, such as when a 
thermal bridge poses the greatest risk for mold growth on an interior surface, two dimensional simulations may be 
needed. In most cases, however, a 1D-hygrothermal simulation is sufficient. In the studied construction, the 
temperature on the studied wallpaper is lower than any surface temperature that a thermal bridge may result in, and 
therefore 1D-simulations are sufficient. 
Table 2: Chosen material input data from material databases in WUFI. 
Material Name in database Database 
Solid masonry Solid brick masonry Fraunhofer-IBP-Holzkirchen; Germany 
Mineral Wool Mineral Wool (heat cond: 0.04 W/mK) Fraunhofer-IBP-Holzkirchen; Germany 
Gypsum board Gypsum board, interior LTH Lund University 
All simulated cases are directed towards the orientation where the wind driven rain is the most frequent. Other initial 
conditions are: top of the façade, wind dependent heat resistance, Tinterior = 20eC, case A: 70% adhering fraction of 
rain, case B: no rain absorption and the surface coating has an sd-value of 3.4 m. The rest are WUFI-default values. 
In order for the construction to reach an equilibrium with the surrounding climate, and the results to be unaffected 
by assumed starting conditions, the simulation has been run for 10 years by repeating the same synthetic climate year. 
For the assessment with the Folos-diagram the results have then been evaluated with data for the last simulated year, 
to ensure equilibrium – which has been achieved five years into the simulation. For the MRD-model the results from 
the last three years have been used in order to include the synergetic effects for the mold growth across the years.  
3. Results 
Fig. 1 and 2 are Folos-diagrams for all considered locations, with a moisture supply of 1.2 g/m3. The curves in the top 
of the diagrams show the actual RH, related to the left y-axis. When the critical relative humidity (RHcrit) has been 
 Abdul Hamid A. et al. /  Energy Procedia  78 ( 2015 )  901 – 906 905
exceeded during a simulated hour an “x” has been plotted, related to the right y-axis. The plotted x:es show the 
difference between the exceeded RH and RHcrit. The results are presented for the last year of the simulation. 
A comparison of Fig. 1 and Fig. 2 clearly shows that the effect of rain absorption makes a significant difference. In 
fact, the difference between the results is so great that case A is not applicable for this analysis. This is because the 
effects of the rain and that of the diffusion from indoors are on so vastly different scales that the effect of the diffusion 
does not even begin to compare with the effect of the rain. Further analyses are therefore solely based on case B. 
Figure 1: Folos. Case A, with rain absorption. The top curves 
show actual RH, and hours where RH>RHcrit are at the bottom. 
Figure 2: Folos. Case B, no rain absorption. RH does not exceed 
RHcrit at any time for this simulation. 
Fig. 2 shows that a moisture supply of only 1.2 g/m3 does not present a risk for microbiological growth. We have 
therefore run the simulation with higher values. The DCV’s set value of 3 g/m3 produces a significant risk for mold 
growth based on [9], while higher values further 
increase that risk. When comparing locations, it is 
shown that the city of Malmö is the most vulnerable 
geographical location in Sweden where this 
phenomenon may occur, even though the differences 
between the locations are small. Therefore, further 
results have focused on Malmö.  
For Malmö (Fig. 3), it is not until the moisture supply 
exceeds 1.8 g/m3 that a risk for mold growth begins to 
appear. However, RHcrit is exceeded for a mere 7 h/y 
(Tab. 3), while the rest of the year the conditions for 
mold growth are very unfavorable, and possible growth 
will decay/ shrink.  
 The MRD-model has been applied to the results in 
Fig. 3 for the last three years of the simulation in order 
to include synergetic effects across the years. These are 
presented in Fig. 4, which shows a low MRD-index for 
moisture supplies of 1.8-2.4 g/m3. Therefore, further 
simulations with moisture supplies at 3-9 g/m3 have 
been carried out, showing a drastic increase in risk 
between 3 g/m3 and 4 g/m3. This lead to even narrower 
analyses for moisture supplies from 3.0-3.6 g/m3 (Fig. 
5). As shown in Fig. 4 and 5, the limit state at MRD-
index = 1 is exceeded only when the moisture supply is 
above 3.0 g/m3. This indicates visible mold growth 
under a microscope [8] for moisture supplies above this 
value. 
Moisture supply 
/(g/m3) 
Annual time, RH>RHcrit
/h
1.8 7 
1.9 114 
2.0 115 
2.1 342 
2.2 959 
2.3 1606 
2.4 2514 
Table 3: Results from simulation in Fig. 3.  
Figure 3: Folos. Case A, Malmö. Moisture supply 1.8-2.4 g/m3.
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
Figure 4: MRD-index for results in Fig. 3. With these moisture supplies 
the risk for any substantial growth is low.

Figure 5: MRD-index for moisture supplies from 3.0-3.6 g/m3. 
4. Discussion and conclusions 
The aim of this paper was to determine a general moisture supply set point for a DCV in Swedish multifamily buildings 
from 1950-1975, based on the risk for moisture damage. An optimal set point for the system has been determined to 
3 g/m3 through hygrothermal simulations and the latest mathematical mold growth models. The investigation was 
focused on the impact of different moisture supplies in a construction with pure diffusion. For this reason the 
construction which was much exposed to wind driven rain was not chosen and also no convection was studied. 
Even though the simulations were based on a worst case scenario for the diffusion, we recommend a thorough 
investigation of the set point to be carried out for each project due to the numerous input parameters that represent 
uncertainties. Such an uncertainty is the chosen average temperature indoors. More than 97% of the concerned houses 
have an average temperature of ı 20 eC [4]. Choosing a higher temperature would reduce the relative humidity in 
all simulation results, and the set point can be raised in proportion to this. What can also differ are the properties of 
the building materials, and it should also be noted that the assumed wallpaper might not be common, even if it actually 
exists in some cases. Either way, other biological material can exist in the critical point, such as dust, saw dust or 
wooden studs. Furthermore, the MRD-model has been applied as it is, with the Dcrit set to 39 days. For further 
information on why that might pose as a problem, please refer to Thelandersson & Isaksson [8]. 
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